One sentence summary: New insights in the complex biology of a group of macronuclear-specific bacterial symbionts reveal their advanced adaptation to a broad range of host species and their surprisingly large phylogenetic distance to Holospora species, to which they originally have been assigned.
INTRODUCTION
In 1890, the microbiologist Vladimir Hafkine described peculiar microorganisms in the nuclei of the ciliate Paramecium caudatum, observed some steps of their life cycle, and named those nuclear parasites 'Holospora' (Hafkine 1890) . Almost one century later, intranuclear bacteria infecting paramecia were studied again by Gromov and Ossipov (1981) , who corroborated Hafkine's observations and presented the first detailed species descriptions. Subsequently, refined analyses of the morphology and the infection life cycle of Holospora species were provided by various groups in Germany, Russia and Japan (reviewed by Fokin and Görtz 2009 ). Analysis of the symbionts 16S rRNA gene sequences allowed their phylogenetic placement and the interference of evolutionary relationships (Boscaro et al. 2013; Rautian and Wackerow-Kouzova 2013; Lanzoni et al. 2016) . The established taxonomy basing on morphological, physiological and molecular traits confirmed that the intranuclear bacteria belong to different species of the monophyletic genus Holospora (family Holosporaceae, order Holosporales; Szokoli et al. 2016) . Holosporales and Rickettsiales are phylogenetically closely related sister taxa. Both orders comprise fast evolving, strictly intracellular bacteria mainly associated to protists and invertebrates (Castelli, Sassera and Petroni 2016) . They have evolved highly diversified intracellular lifestyles and comprise several lineages able of to reproduce (obligately or facultatively) in the host nucleus (Schulz and Horn 2015) . This niche offers many potential advantages such as nutrient richness, protection from cellular defence mechanism, and direct access to the host's genome. Furthermore, in unicellular hosts, an infection of the nucleus usually implies a cosegregation of the bacteria with the dividing cells and thus vertical transmission. Despite these advantages, intranuclear bacteria are not frequent. They can be found in phylogenetically distant taxa, but the majority of nucleus-dwelling bacteria belong to either Holosporales or Rickettsiales. Among them, Holospora is noteworthy as its lifecycle entails the infection on new hosts and new nuclei (see below). Thus, these bacteria have mastered the challenges of nuclear habitats.
Prior the advent of molecular methods, taxonomy of Holospora species was based on morphological and physiological traits and the specificities of their infection cycle (Table 1 , reviewed by Fokin and Görtz 2009 ). Typically, all described Holospora species share a functional dimorphism of infectious and reproductive forms (RF). The infectious forms (IF), agents of horizontal transmission, are released during host division or upon host death. Once taken up by a new host, they escape from the food vacuole and are transferred to the host nucleus. Inside the nucleus, IF differentiate into RF, the cell form of within-host replication and of vertical transmission during host division (Kawai and Fujishima 2000) . Environmental conditions affect the developmental switch between IF and RF in the nucleus (Fujishima, Sawabe and Iwatsuki 1990; Kaltz and Koella 2003) , indicating some kind of quorum sensing and adaptive plasticity in Holospora transmission strategies (Magalon et al. 2010) . This characteristic infection life cycle, together with host species and host compartment specificity, has long been considered sufficient for unequivocal diagnosis of Holospora. Thus, classic Holospora species (such as Holospora undulata, Holospora obtusa and Holospora elegans) can be distinguished by their IF morphology and shape, their host species, the host compartment they colonise (micro-vs. macronucleus), and the mechanism, by which IF are released from the host (Fokin and Görtz 2009, Table 1 ). Some Holospora species force the host to form a so-called connecting piece , a specific structure accumulating IF at nucleus division. This structure then gets resorbed and bacteria are expulsed via the cytoproct to the environment (Fokin and Görtz 2009 ). Other Holospora species do not induce connecting piece formation and exit from the nucleus by unknown mechanisms.
After establishment of the full cycle rRNA approach for the molecular characterization of uncultivable bacteria (Amann et al. 1991) , it became clear that the Holospora species indeed form a separate, monophyletic cluster. At present, there are four validly described species and additionally six proposed, which are lacking a complete formal description as required by the Bacteriological Code. Phylogenetic relationships among Holospora spp. and related bacteria are currently being debated (Boscaro et al. 2013; Rautian and Wackerow-Kouzova 2013; Lanzoni et al. 2016; Szokoli et al. 2016) . There is increasing evidence that they belong to different genera which, according to recent taxonomic reorganizations, are included in the family Holosporaceae, sister family to Caedimonadaceae, within the order Holosporales (Szokoli et al. 2016; Schrallhammer, Castelli and Petroni 2018) . In the present study, we address the precise phylogenetic position of H. caryophila initially described as alpha particles in Paramecium macronuclei (Preer 1969; Preer, Preer and Jurand 1974) . This species differs from other Holospora species in various aspects. It has much smaller IF and RF than canonical Holospora and lacks the typical concentration of IF in the connecting piece during host cell division. Furthermore, while all other Holospora species infect only one Paramecium host species (Table 1) , H. caryophila has been reported to occur naturally in two host species, Paramecium biaurelia (Preer 1969) and P. caudatum (Görtz 1987) . These associations can be stably maintained in laboratory cultures for many years (Table 2) . Finally, while classic Holospora species are usually considered parasites (e.g. Dusi et al. 2015) , H. caryophila can have a positive effect on host fitness, at least during the host's exponential growth phase (Bella et al. 2016) . In fact, from observations using fluorescence in situ hybridization (FISH), Fokin and colleagues postulated that H. caryophila is not very closely related to H. undulata and H. elegans (Fokin et al. 1996) . However, so far a thorough investigation of the phylogenetic position of H. caryophila was missing.
Here, we report on a combined analysis of morphological, molecular and life-history traits for eight macronuclear symbionts detected in different Paramecium species. Following standard morphological and physiological criteria, these bacteria were identified as H. caryophila. Molecular characterization of the type strain of H. caryophila 562α (ATCC 30694; Preer and Preer 1982) and the seven novel strains was used to reconstruct the evolutionary relationships among these bacteria and established Holospora species. Low similarity of 16S rRNA gene sequences indicates a distant phylogenetic relationship between the studied bacteria and the genus Holospora. Furthermore, largescale infection tests (21 potential host species) showed that these strains infect several Paramecium species. Given the divergent phylogeny and life history, we propose to assign H. caryophila to the new genus Preeria nom. nov., with the name Preeria caryophila comb. nov. 
MATERIAL AND METHODS

Origin and cultivation of strains
Paramecium strains harboring macronuclear symbionts identified in this study are listed in (Table 2; Table S1 , Supporting Information). All strains are available upon request. In the infection assays, 74 strains of 21 Paramecium species (13 species belonging to the Paramecium aurelia sibling species complex) have been tested as potential hosts for the macronuclear symbionts (a complete list is provided in Table S1 , Supporting Information).
Microscopic observations of endosymbionts
Paramecium cultures were screened for macronuclear infection by differential interference contrast (DIC) light microscopy and different staining techniques. Best results were obtained with lacto-aceto-orcein (LAO) or tetracycline vital staining. Positive cultures were further analyzed by transmission electrone microscoypy (TEM) and FISH. Detailed protocols are provided in Supporting Information. New FISH probes (Table S2 , Supporting Information) were designed and tested experimentally and in silico (probe match tool, Ribosomal Database Project, Cole et al. 2014) .
Phylogenetic analysis of macronuclear symbionts and type strain of Holospora caryophila
Total DNA was extracted (detailed protocol provided in Supporting Information) from infected paramecia. The 16S rRNA Serra et al. (2016) Included are members of the genera Holospora and 'Candidatus Gortzia' as well as phylogenetically closely related bacteria ('Holospora curviuscula', 'Holospora acuminata' and 'Ca. Holospora parva'). The Paramecium species isolated from the environment, which carried the respective symbiont, and the inhabited compartment (comp.) are indicated. Life cycle completion comprises infection of the host nucleus, differentiation into RF, replication and production of new infectious forms (IF). 'Tested' indicates that at least one strain per species was used in infection experiments. Negative results should not be generalized as particular host and symbiont genotypes incompatibility may impede symbiosis establishment. a Induction of connecting piece formation is a characteristic of certain Holospora species. The connecting piece is an equatorial part of the dividing nucleus, where IF accumulate. b RF can sometimes be observed in the cytoplasm. gene and in some cases additionally the intergenic spacer region (ITS) separating 16S and 23S rRNA genes were amplified to identify symbiotic bacteria. The used primer pairs and PCR conditions are listed in Tables S3 and S4 (Supporting Information) , respectively. For the identification of host organisms at genus and species level, the 18S rRNA gene and/or the mitochondrial cytochrome c oxidase I (COI) gene were chosen as suitable phylogenetic marker. Their amplification was carried out as described elsewhere (18S rRNA gene: Szokoli et al. 2016 ; COI gene: Barth et al. 2006) . Takara Ex Taq reagents (TaKara Bio Inc., Otsu, Japan) were used for PCR. PCR reaction products were purified (NucleoSpin Extract II, Macherey-Nagel, Dueren, Germany), and directly sequenced (Macrogen Korea, Seoul, Korea and Eurofins MWG Operon, Ebersberg, Germany). Accession numbers of obtained sequences are indicated in Table 2 . The sequences of the macronuclear symbionts were automatically aligned (ARB software package version 5.3; Ludwig et al. 2004) together with 170 related sequences of organisms belonging to the orders Rickettsiales and Holosporales (SILVA SSU Ref NR 99 132 dataset; Quast et al. 2013) . The alignment was manually optimized and trimmed at both ends to the length of the shortest sequence. Thus, it comprised 1399 positions, which were used for phylogenetic reconstructions. Applying the Akaike information criterion, GTR+I+G was selected as optimal substitution model (jModelTest 2.1.10; Darriba et al. 2012) . A maximum likelihood (ML) tree was calculated with 1000 bootstrap pseudoreplicates (PHYML 2.4.5 from the ARB package; Guindon and Gascuel 2003) . Bayesian inference (BI) was performed with MrBayes 3.2 (Ronquist et al. 2012) , using three runs each with one cold and three heated Monte Carlo Markov chains, with a burn-in of 25%, iterating for 1 000 000 generations. Furthermore, a similarity matrix (Saitou and Nei 1987) was computed.
Experimental infection assays
Experimental infections were performed by exposing recipient cells either to released macronuclear symbionts (recipient cells were placed in a homogenate of infected paramecia) or by cocultivation of infected cells with recipients (detailed protocols provided in Supporting Information). At least 20 cells of the exposed strains were screened for the presence of symbionts 12-14 days post infection, which allows H. caryophila to complete its life cycle from infection to the production of novel IF. The presence of symbionts was either detected by screening living cells (with DIC), after tetracycline treatment by fluorescent microscopy or by phase-contrast microscopy after LAO staining. Observation of even a single infected cell (or more) was considered a successfully established symbiosis. Variation regarding host range among the five tested symbiont strains and in susceptibility among recipients was compared using a chi-square test.
Natural infection via IF expulsed from living infected cells, was examined in the co-cultivation approach. Two highly infected Paramecium donor cells were cultivated together with 50 recipient cells for 12-14 days. Population density was monitored daily and infection prevalence determined at the end of the assay. A successfully established symbiosis was inferred when more than 60% of paramecia were infected. Each specific host strain × symbiont strain combination was assayed in at least two independent tests. Infection assays were performed in series; any positive infection result in a particular series was considered as IF quality control, and there were no series of experiments without any successful infection. P. caudatum 94AB1-5 was lost at the beginning of these experiments, thus data on this strain are incomplete.
RESULTS AND DISCUSSION
Morphology, fine structure and visualization of Holospora caryophila and macronuclear symbionts Light microscopy observations of living cells and stained specimen confirmed the occurrence of two morphologically distinct forms in host macronuclei: short, rod-shaped RF and longer, spiral-shaped IF with tapered ends in P. biaurelia 562α and in all new strains (Table 2 ; some examples shown in Fig. 1 , Fig. 2A and  B) . The morphology and dispersed macronuclear localization of RF and IF of the new endosymbionts corresponded to that of H. caryophila 562α T (Table 1) , as determined in this study and in its first description (Preer 1969) . Released IF of the novel symbionts were 4.9 ± 1.1 μm in length and hence in the size range of 562α T IF (5.1 ± 0.3 μm; Fig. 2 ). The macronuclei usually harbored a high number of bacteria, in some cells the organelle occasionally appeared completely filled and swollen ( Fig. 1D; Fig. 3A , B, E, F, K, L). Infection prevalence and bacterial density in the macronucleus varied over time and between different symbionts. Generally, all paramecia in a culture were infected, occasionally prevalences dropped down to 60%, potentially due to within-host dilution and loss at very high division rates of the host as already observed by (Castelli et al. 2015) . The ultrastructure of all investigated macronuclear symbionts displayed the typical fine morphology of gram-negative short rods. Macronuclei of Paramecium strains 562α, GFg-1, Hc + and FGC3 harbored both IF and RF (Fig. 4A-D) , while in SH42 only RF were observed (Fig. 4E) showing unusual strong invaginations of the plasma membrane. As strain SH42 was lost soon after this experiment, we cannot exclude the possibility that the observed particularities were caused by the already declining status of the culture. IF possessed a helical morphology and typical cytological features of Holospora IF with a darker stained cytoplasm, a brighter stained periplasmic region, and the recognition tip ( Fig. 3 ; Görtz and Wiemann 1989) . The novel symbionts were similar in cell shape and dimension to 562α and fit the description of H. caryophila (Table 1) .
A peculiarity of H. caryophila is that it can share its host with other symbionts. Already in the first observation of alpha particles (Preer 1969 ), it was stated that H. caryophila co-occurred with an additional symbiont in the cytoplasm (kappa particles, basonym Caedimonas varicaedens). Furthermore, it has been observed in co-infection with macronuclear Holospora obtusa (Fokin and Görtz 2009 ). Here, we found P. biaurelia Hc + to be additionally infected by cytoplasmic Caedimonas varicaedens ( Fig. 3M-P ; Schrallhammer, Castelli and Petroni 2018) and P. caudatum SH42 carrying simultaneously 'Candidatus Megaira polyxenophila' in its macronucleus ( Fig. 3L and J ; Schrallhammer et al. 2013) .
Phylogenetic position of the endosymbionts
H. caryophila 562α
T is one of the 522 'orphan' type strains (Yarza et al. 2013 ), belonging to a bacterial species with validly published name but lacking 16S rRNA gene sequence data. Furthermore, the infected host strain is no longer available from ATCC. Here, we analyzed the 16S rRNA gene sequence of 562α T together with seven additional strains of strong morphological and physiological similarity. Accession numbers of obtained phylogenetic marker sequences are provided ( Table 2) . The phylogenetic analysis of the symbionts was based on a sequence selection covering several closely related families within Alphaproteobacteria and retrieved a tree topology corresponding to recent studies (Szokoli et al. 2016; Schrallhammer, Castelli and Petroni 2018) , but including H. caryophila. The characterized bacteria form a highly supported monophyletic cluster (1.0 posterior probability and 100% bootstrap support, Fig. 5 ). They share sequence similarities (Table S5 , Supporting Information) with 562α T clearly above the currently accepted threshold for delineating prokaryotic species of 98.65% (Kim et al. 2014; Yarza et al. 2014 ). The closest relatives to the members of the H. caryophilaclade are uncultured bacteria, 'Ca. Gortzia' species, and 'classical' holosporas (Fig. 5) . The highest sequence similarity between 562α T and other Holospora species is 87.34% ('Holospora curviuscula' KC164378; Table S5 , Supporting Information). This is below the proposed similarity values (Yarza et al. 2014 ) among members of the same genus (94.5%) and above that of members of the same family (86.5%). Thus, our analysis places the here characterized endosymbionts in a new genus within the family Holosporaceae (Szokoli et al. 2016 ). The evolutionary distance between H. caryophila and classical Holospora species in terms of 16S rRNA gene sequence similarities is surprising, considering the general similarity of key morphological and physiological features of these bacteria. The low similarity between H. elegans (type species of the genus) and H. caryophila 562α T of 87.04% implies that H. caryophila should be transferred to a new genus. We therefore propose the establishment of the new genus Preeria nom. nov., which comprises so far the single species Preeria caryophila comb. nov.
In situ visualization of Preeria caryophila and probe specificity
Five different probes were used in FISH experiments ( Fig. 3 ; Fig. S1 , Supporting Information). Suitable for the visualization of RF and IF inside the macronuclei of P. biaurelia 562α and the new strains are HoloCar698 and HoloCar1257 (Castelli et al. 2015) at 0% and 5% formamide (Fig.  S2 , Supporting Information). In silico comparison with available nearly full-length sequences from RDP revealed few nontarget hits for HoloCar698 and HoloCar1257 (Table S2 , Supporting Information). Although both probes theoretically hybridize with few Alphaproteobacteria outside the genus Preeria, none of those sequences is recognized by both probes. Probe H16-23a (Amann et al. 1991 ) was used to split Holospora species into two groups (Fokin et al. 1996). H. obtusa, H. undulata, H. elegans and 'H. curviuscula' were successfully detected, while among those not recognized by H16-23a were two Paramecium strains infected by P. caryophila (Fokin et al. 1996) . In our experiments, H16-23a provided ambiguous results: generally no signals were detected (data not shown), but in few cases P. caryophila were recognized (Fig. 3K ). This aberrant behavior probably is explained by the character and position of the distinguishing mismatches (Table S6 , Supporting Information).
For the discrimination between the subgroups of P. caryophila (Fig. 5) , we designed PreCar1004I and PreCar1004II. The latter reliably detected the symbionts in FGC3 and never provided false-positive results (no signals from GFg-1; Fig. S1 , Supporting Information) at 0% formamide. Due to its high rate of falsepositive signals, probe PreCar1004I cannot be used to differentiate between the subgroups (Fig. S3, Supporting Information) .
Infectivity and host range of Preeria caryophila
While Holospora and related symbionts are typically associated with only one single Paramecium host species, P. caryophila was previously described from two host species, P. biaurelia and P. caudatum (Table 1) . We tested for an even wider host range of five P. caryophila strains across 21 Paramecium species (197 recipient strain × symbiont strain combinations, see Supporting Information). Three outcomes were observed (Table S1 , Supporting Information): successfully established symbiosis (infection of the macronucleus, differentiation to RF and production of new IF), no infection, or death of recipient cultures. This latter type of incompatibility phenomenon was observed in 20% of the tests (Table 3) ; it was particularly frequent in those involving P. caudatum (significant effect of recipient species: χ 9 2 = 43.7, P < 0.0001; analysis based on P. aurelia species combined into a single species complex) and varied to some degree among symbiont strains (χ 4 2 = 13.11, P < 0.0107). It is currently unclear what causes this apparent incompatibility reaction. Additional early screening (3-4 days post inoculation) revealed no sign of infection in such 'doomed' cultures, suggesting that Paramecium death may occur upon ingestion of infectious forms or is caused by some unknown factor present in the inoculum. For further statistical analysis, 'recipient death' was considered as unsuccessful symbiosis and scored as 'no infection' (excluding cases of 'recipient death' from the data set did not qualitatively affect the results; not shown).
A total of 11 Paramecium species could be successfully infected by one or several P. caryophila strains. Seven of these species belong to the P. aurelia complex. Four species outside the P. aurelia complex could not be infected and may represent nonhost species, albeit this observation is based on only a small number of strains (Table 3; Table S1 , Supporting Information). Statistical analysis using symbiont strain and host species identity as explanatory factors revealed significant variation in host range among the five P. caryophila strains (χ 4 2 = 27.2, P < 0.0001), with a minimum of three suitable recipient species for strain 562α and a maximum of eight species for strains FGC3 and UV1-3 (Table 3) . Conversely, there were significant differences in the degree of susceptibility among recipient species (χ 4 2 = 34.5, P < 0.0001; P. aurelia species combined into a single species complex). Successful infections were particularly for species from the P. aurelia complex (43%) and for P. jenningsi (38%), whereas tests with P. caudatum had less than 10% success rates (Table 3) . Consistent with previous reports (Barhey and Gibson 1984; Bella et al. 2016 ), our results demonstrate a much wider host range for P. caryophila than for the highly specific Holospora species. We identified several new Paramecium host species, on which the infection life cycle can be successfully completed. A large fraction of these suitable hosts belongs to the P. aurelia species complex, from which four of the five tested symbiont strains originate (Table 2 ). This suggests that adaptation to one species can increase performance on genetically related members of the same species complex. This would also explain the suitability of P. jenningsi, which is phylogenetically very closely related to the P. aurelia species. In contrast, the P. caryophila strain originating from P. caudatum (94AB1-5) readily infected strains from this species, while its four counterparts from the P. aurelia complex mostly failed to infect P. caudatum (Table 3) . These patterns are consistent with species-specific adaptation.
Infection was much less frequent on the more distantly related recipient species. In a few isolated cases, infection established at low levels in P. multimicronucleatum or even P. putrinum; typically, however, these infections lasted only for a limited duration and were soon lost entirely. More strains from these species need to be tested to validate their status as host or nonhost species. The picture emerging from our experiments is that P. caryophila indeed represents a more generalist symbiont, capable of infecting multiple host species, in contrast to classical Holospora, which are extreme specialists. At present, we cannot discern which of these two life-history strategies is ancestral or derived.
Persistence of macronuclear infection during asexual and sexual stages of the host
Infection by P. caryophila can be extremely stable over decades (Table 2) and it maintains very high infection prevalence under different environmental and host physiological conditions (this study; Castelli et al. 2015) . In part, this can be explained by high rates of vertical transmission during vegetative reproduction of the host, where RF of the symbiont segregate from the maternal macronucleus to the two daughter nuclei (Fig. S4 , Supporting Information). Furthermore, new hosts can be acquired via horizontal transmission, through the release of IF into the environment after host death or by a still unknown pathway (see below). While the infection process of P. caryophila is very similar to that of Holospora spp. (Fokin and Görtz 2009, this study) , the release mechanism of IF from the infected nucleus differs. Namely, IF of P. caryophila, 'Ca. Holospora parva' and 'Ca. Gortzia' are not assembled in a connecting piece ( Table 1 ), indicating that this is a derived feature of certain Holospora species. In species without connecting piece formation, the release of IF from the macronucleus might be accomplished by inverting the infection process: likely they exit wrapped by host membranes (observed for other nuclear symbionts, Fokin and Sabaneyeva 1997) and, once in the Table 3 . Host range of five macronuclear symbionts, as determined by infection assays on a total of 21 Paramecium species. Infection was considered successful when the symbiont completed its entire life cycle from infection to the production of new transmission stages (12-14 days). Results for recipient species from the P. aurelia complex are summarized in a single column. Cells marked in grey indicate that at least one recipient strain was successfully infected. In each cell the number of successfully infected strains per total number tested is given; for the P. aurelia complex it is the number of species infected per total number of species tested. Numbers in parenthesis indicate the numbers of tests causing premature death of the host culture, without obvious signs of infection establishment. '-' means combination not tested.
S R cytoplasm, they may be excreted individually through the cytoproct (Görtz 2006) . This is consistent with our frequent observation of P. caryophila IF in the cytoplasm (Fig. 1E) . Occurrence of IF in the cytoplasm is also known for two other Holosporaceae species residing in Paramecium macronuclei, 'Ca. Paraholospora' (time-shifted; Eschbach et al. 2009 ) and 'Ca. Gortzia shahrazadis' (simultaneous; Serra et al. 2016) . Other instances of IF release can occur during sexual processes (see below). Long-term maintenance of infection may be further challenged during sexual processes, conjugation or autogamy (selffertilization process which several Paramecium species undergo regularly, e.g. every 25-30 vegetative divisions). These involve the degradation of the old macronucleus and the formation of a new one; hence, the symbionts have to cope with the (temporary) destruction of their habitat. However, we found that P. caryophila neither prevents conjugation of infected P. novaurelia strains, where we regularly observed conjugating host cells (Fig. 6A) , nor is the symbiont lost during synchronous population-wide autogamy (A. Potekhin, pers. observation). We followed the fate of P. caryophila during different stages of autogamy. All fragments of the old macronucleus contain IF, but the new macronucleus initially remains symbiont-free (Fig. 6B , E-J). We hypothesize that the new macronucleus is immediately re-infected internally by IF released into the cytoplasm from degrading old macronuclear fragments. This is a plausible explanation, especially given the above mentioned particularities of IF exit and their frequent presence in the cytoplasm. We note, however, that from the observations at hand we cannot fully exclude the alternative of re-infection by IF ingested from the environment. It is also possible that occasional macronucleus regeneration from the symbiont-containing old macronucleus fragments might occur in some host cells (Fokin 1998) .
Regardless of the precise underlying mechanism, one important implication of our findings is that the sexual processes in the host do not represent a dead end for the symbiosis. We argue that P. caryophila has evolved less 'invasive' methods to deal with nuclear rearrangements during sexual processes than is known for Holospora species that either prevent conjugation, become lethal for the exconjugants (probably because they interfere with meiosis), or get lost (Görtz and Fujishima 1983; Fokin 1998) . This adaptation may have allowed the broadening of the host range to species of the P. aurelia complex or P. jenningsi, where autogamy is frequent and compulsory. In paramecia like P. caudatum or P. bursaria, which do not undergo autogamy, an adaptation to overcome the associated problems is obsolete.
CONCLUSION
All here described macronuclear symbiont strains share strong similarities with the type strain 562α at the morphological (two morphotypes, size and shape of IF, ultrastructure), physiological (macronuclear specificity, host range, life cycle) and molecular (FISH, 16S rRNA gene) level. Thus, they belong to the same species for which we propose the name Preeria caryophila comb. nov. Indeed, the large phylogenetic distance to other Holospora species indicates that this species represents an independent genus. Our study closes not only a gap in the list of validly described species without sequenced phylogenetic marker and the derived tree of life. It also provides new insights in the infection cycle and life history of a separate group of nuclear symbionts. The lack of connection piece induction, initially interpreted as absence of a typical characteristic of Holospora, is indicative for a key adaptation to the much broader host range of P. caryophila comprising paramecia with significant differences in the frequency of their sexual and asexual stages. The ability to escape from the nucleus into the cytoplasm and, likely from there, reinfect the newly establishing macronucleus appears crucial to occupy a niche-the macronuclei of P. aurelia specieswhere to our best knowledge no other symbiont can thrive.
Although the nuclear compartment offers many benefits, intranuclear symbionts are rare. As the example of P. caryophila demonstrates, it is a challenging habitat, which requires specific strategies to overcome. Further investigations expanding to genomic and transcriptomic level will elucidate additional adaptations and new strategies of symbionts literally living in and possibly manipulating the genome of eukaryotic cells.
Description of the genus Preeria nom. nov.
Preeria (Pree'ria. N.L. fem. n. Preeria named in honor of Louise B. Preer and John R. Preer Jr. who first observed and validly described this bacterium.)
The new genus encompasses endosymbiotic bacteria occurring in the macronuclei of several Paramecium species. Belongs to the family Holosporaceae within the order Holosporales, class Alphaproteobacteria. The type species of the genus is Preeria caryophila. The protologue has been submitted to the Digital Protologue database under the Taxonumber GA00040.
Description of Preeria caryophila comb. nov. (ex Preer et al. 1974; Preer and Preer 1982)
Basonyms: Holospora caryophila, Cytophaga caryophila Preeria caryophila (ca.ry.o.phi'la. G. n. karyon, nut, kernel (in biology, nucleus); N.L. fem. adj. phila (from Gr. fem. adj. philê), friend, loving; N.L. fem. adj. caryophila, nucleus loving).
In addition to the original description by Preer et al. 1974 and Preer and Preer 1982 as well as the genus description of Preeria gen. nov., the species has the following characteristics. Basis of assignment: 16S rRNA gene sequence (accession number: LT616952) and positive match with the species-specific FISH oligonucleotide probes HoloCar698 (5 -TAT TCC TCC TAA TAT CTG CGA-3 ) and HoloCar1257 (5 -CCA GGT CAC CCT ATT GCA-3 ). Identified in Paramecium biaurelia 562, isolated from Milano, Italy. Type strain is 562α carried by strain 562 of Paramecium biaurelia (ATCC 30694, no longer available from ATCC). Thus far uncultured. The protologue has been submitted to the Digital Protologue database under the Taxonumber TA00292.
SUPPLEMENTARY DATA
Supplementary data are available at FEMSEC online. 
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